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ABSTRACT
Investigations of negative ion and electron emission
from gas-covered metal surfaces due to the impact of low
energy (30 - 300 eV) positive ions and, separately, photons
( 2 - 5 eV) are presented. In both cases, the negative ion
formation process is thought to occur via electron tunneling
from the surface or its substrate to a sputtered or
photodesorbed neutral atom or molecule.
In particular, absolute total negative ion and electron
yields for collisions of positive alkali ions with a gascovered Mo substrate have been measured. Mass analysis of
the sputtered negative ions show that O 2 is the dominant
ion at low impact energies. This coupled with the fact that
threshold energies for observing secondary negative ions and
electrons are the same suggests that electron production is
correlated to the 02~ production, and specifically that
electrons are the result of autodetachment of excited 02".
This hypothesis provides an explanation of the mechanism
responsible for the emission of electrons at low impact
energies.
Relative yields for photodesorbed H" from a barium
substrate have been measured as a function of photon
wavelength for the range of 245 to 585 nm. A description of
the formation of H" due to photodesorption of BaH on a
surface is consistent with the known energetics of the
system. An estimate of the absolute yield of photodesorbed
H per incident photon has been made.

Formation and Desorption of Negative
Ions from Metal Surfaces

CHAPTER 1
INTRODUCTION

This thesis addresses the topic of negative ion and
electron emission from metal surfaces due to the impact of
low energy charged particles and photons.

The experiments

described herein were designed to investigate various
mechanisms of negative ion formation and subsequent
desorption from such surfaces.
Numerous surface analysis techniques have been
developed and implemented in the field of surface science,
the majority of which have concentrated on learning about
surface structure, composition, bonding (chemisorption and
physisorption), diffusion and surface chemistry.

Among

these techniques, the use of sputtering (removal of a
surface's outermost layers by ion bombardment) has become a
common first step in preparing a surface for analysis.
Sputtering first manifested itself as a metallic deposit on
the glass walls of a discharge tube, as first reported by
Grove1 in 1853 and Faraday3 in 1854.

About half a century

later Goldstein3 presented compelling evidence that the
metallic deposit was the result of sputtering and was caused
by energetic positive ions within the discharge hitting the
cathode.
The concept of an individual atomic scale sputtering
2

event initiated by positive ions was proposed and analyzed
extensively by stark* in 1908.

He presented a collision

model in which sputtering was viewed as a sequence of binary
collision events initiated by one bombarding ion at a time.
In this model, the dynamics of elastic collisions were
assumed to describe a sputtering event.

Stark was also

aware of the effect of chemical sputtering, i.e., the
formation of volatile compounds by chemical reactions
between incident ions and surface atoms.
In a sputtering event, the impact of an incident ion
can cause the emission of electrons, ions (positive and
negative), neutrals, and photons.

The first experiments

dealing with the analysis of emitted ions due to sputtering
were performed in the late 1930's by Arnot and Milligan5,
and Sloane and Press6.

The investigations of Veksler and

Ben'iaminovich7 and Honig8 in the late 1950#s marked the
beginning of a widening interest in the process of secondary
ion emission.

Through the mid-1960's a number of other

workers added to the expanding bank of knowledge on the
general features of secondary ion emission®.

Of particular

relevance to this thesis are the many investigations in the
specific area of secondary electron emission by alkali
bombardment of gas covered surfaces.10-13
Photons have also been used as an analysis probe of
surfaces, e.g. the well-known photoelectric effect.

In

photoelectric studies, electrons which are emitted due to

incident photons are analyzed by determining the number and
energy of the emitted electrons as a function of the
photon's wavelength.

If X-ray photons are used, the

technique is called x-ray photoelectron spectroscopy (XPS).
This technique is used to determine the electronic structure
of solid surfaces as well as to identify surface components
chemically.

When used in this latter manner, it is

sometimes known by the name of electron spectroscopy for
chemical analysis (ESCA)13.

In addition to these

techniques, the last few years have seen much activity in
the investigation of photon-driven chemical processes.

A

recent paper by Zhou et al.14 reviews in depth the topic of
photochemistry at adsorbate/metal interfaces.
This thesis is concerned with the collisional dynamics
of low energy collisions of positive ions and photons with
atoms adsorbed to metallic surfaces.

Specifically, this

work reports two types of surface experiments, each
involving the formation and desorption of negative ions
whose neutral parent species were physi- or chemisorbed to
the metal surface.

The first experiments were designed to

investigate the mechanism for emission (or sputtering) of
negative ions and, additionally, of secondary electrons due
to collisions of low energy positive alkali ions with a gas
covered molybdenum surface.
30 eV up to 300 eV were used.

Positive ions with energy from
The second experiment

investigated photo-desorption of negative ions from low work

function surfaces.

Photons with wavelengths ranging between

visible and near UV were employed in these latter
experiments.

A barium surface was used in the photo

desorption experiments.
The interesting characteristic that links these two
seemingly dissimilar experiments is the idea that the
negative ion formation process is due to a common mechanism,
namely "electron-tunneling".

A model for electron-tunneling

has been described in detail by several authorsls~17, and a
brief description of this model will follow.
In the electron-tunneling model a neutral atom or
molecule is ejected from a metal surface after having
adequate energy transferred to it by an incident particle or.
photon, and, while leaving the surface, charge transfer
takes place between the electronic states of the emitted
particle and the delocalized states of the valence band of
the metal.

The electron-tunneling model describes the

electronic transition as a resonant electron-transfer
process between the unoccupied negative ion states of the
emitted neutral particle escaping the surface and the
valence band of the metal.
Fig. 1.1 shows the energy diagram for a particle with
electron affinity Ea in front of a metal surface with work
function $.

This affinity energy level Ea shifts and

broadens as the particle approaches the surface18. The
energy level shift is due to the attractive interaction

2

►

Fig. 1.1. Energy diagram for an atom with electron affinity Ea in front of a metal
surface with work function $. The affinity level shifts and broadens as the atom
approaches the surface.

between a negative ion and its positive image charge in the
metai.

This shift, calculated by Gadzuk19, is given in

first order by
q2

AKa ( z ) = - H _ [ -------- ]
4*ec 4 (z+k?)

(1.1)

where e is the electron charge, e„ is the dielectric
permittivity of vacuum,, z is the atom-metal distance and k„_1
is the electrostatic screening length in the metal.

The

screening length kB-1 accounts for the fact that in addition
to the interaction between the negative ion and its image
charge, there is an interaction between the negative charge
distribution in the metal (screening the positive image
charge) and the negative ion.
The electron has a finite lifetime in the atomic level
and so the energy level broadens in accordance with the
uncertainty principle.

The width of the energy level r(z)

was described as an exponentially decaying function of z,

T( z) = roe x p ( - a z )

( 1 .2 )

This z-dependence directly reflects the exponentially
decaying electron density in the region outside the metal20.
In experiments discussed herein, an incident energetic
particle (or photon) is responsible for the emission of
negative ions.

It will be suggested that it is the

aforementioned shifting and broadening of the affinity level

that will lead to negative ion formation in both types of
experiments.
The ion-surface and photon-surface experiments
described in this thesis are related to various
applications.

One such application is the determination of

the equilibrium particle concentration in electronic plasmas
where energies are comparable to those utilized in these
experiments.

Another example is the use of Secondary Ion

Mass Spectrometry (SIMS), where a more complete
understanding of the mechanisms for low energy negative ion
emission from surfaces is needed for some systems.

For some

particle detectors, a complete understanding of secondary
emission processes is essential for optimal use and future
development of the devices.

The present experiments should

be relevant for example, to the development of high current
negative ion beams for neutral beam injection into
tokamaks21.
Chapter 2 describes the experiments on electron and
negative ion emission from gas covered surfaces due to
collisions of incident alkali positive ions.

It will be

shown that the threshold energies for the sputtering of
negative ions and the emission of electrons are identical.
It will be suggested that in the near threshold energy
region the mechanism for secondary electron-eraission
involves sputtering an unstable negative ion (formed via
electron tunneling) which subsequently decays producing a

free electron.
Chapter 3 describes experiments in which photo
desorption of negative ions from a low work function surface
is investigated.

Low work function surfaces, in particular

barium surfaces, have been used in sources which produce
high current negative ion beams21.

It will be suggested

that the analysis and evaluation of these types of negative
ion sources should include the role played by photons in the
production of negative ions.
A final word about the nature of all of the present
experiments described in this thesis is provided as a
caveat:

The experiments are not like canonical surface-

science experiments.

Pressures are only kept in the low

10"® Torr range and other than heating, no i n situ cleaning
or sputtering treatments of surfaces were attempted and no
extensive surface analysis techniques were employed.

Rather

the investigations focused upon developing an understanding
of negative ion formation and desorption from gas covered
metal surfaces.

CHAPTER 2
ELECTRON AND NEGATIVE ION EMISSION
FROM GAS COVERED SURFACES

A. Background

i
V

The experiments described herein investigate the
emission of secondary electrons and negative ions due to
collisions of positive alkali ions with a gas covered,
molybdenum surface.

The absolute yields for secondary

electrons and negative ions were measured for values of the
impact energy ranging from about 30 eV up to 300 eV.

The

surface's work function could be varied by depositing a
fractional layer of alkali' metal on the surface.

The

investigation also included mass analysis of the secondary
negative ions.
When a low energy ion or neutral atom hits a surface,
emission of electrons, ions (positive and negative),
neutrals, and photons occurs.

Since the present experiment

deals with electron and negative ion emission, it is
appropriate to give a brief overview of these two phenomena
here.
Secondary electron emission resulting from collisions
of positive ions with surfaces has been studied
10

11

extensively33-29.

Several models for the electron emission

process have been proposed, and the conventional
descriptions of the origin of the electrons fall into two
distinct categories, namely, "potential- " and "kinetic- "
emission processes36-37.
A potential emission processes may occur when a surface
is approached by a low energy positive ion.

As the ion

approaches the surface, it is neutralized and the
neutralization energy (i.e. the difference in energy between
the ionization energy of the incident ion and the energy of
the neutralizing electron in the metal with respect to the
vacuum energy level) can be transmitted to an electron at
the surface.

The ionization potential of most atoms is

greater than the work function of many surfaces.

If

sufficient energy is transferred to a surface electron in
the neutralization process, a surface electron may be
emitted from the metal.
Fig. 2.1 shows the energy level diagram of a metal with
a positive ion located just outside the metal surface.

One

electron, referred to as the "down" electron, tunnels
through the barrier and drops into the vacant atomic level
(E#).

The down electron gives up energy E'Ht-fi, where # is

the metal's work function and C* is an energy level of an
electron in the metal.

The energy released in this

transition is taken up by a second electron, the "up"
electron and it gains an energy E+#+fa where E is the

i

—
5

E

M

METAL

ATOM

Fig. 2.1. Energy level diagram of a metal with an ion just
outside its surface.
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electron's kinetic energy and f2 is another energy level in
the metal.

Equating these two energies gives,

B = E/- 2$-

C2 .

(2.1)

From this expression it is clear that if the ionization
energy (E') of the parent atom of the incident ion is less
than twice the work function of the surface, then no
electron will be emitted” .

In the present experiments, the

use of primary positive alkali ions precludes the potential
emission mechanism for secondary electrons since the
ionization energy of the alkali atom is less than twice the
work function of the surface investigated.

For example, the

work function of molybdenum is around 4.5 eV (an alkali
covered molybdenum surface will have a work function no
lower than 3 eV), whereas the ionization energy of sodium is
5.1 eV and that of potassium is 4.3 eV.
In the kinetic emission process, momentum is
transferred from the incident ion to an electron within the
solid.

The maximum energy transferred in a head-on

collision of an incoming ion with a quasi-free conduction
electron is30

AE = 2mgv(v+vf),

(2.2)

where v is the ion's velocity and vr is the electron's Fermi
velocity.

The results expressed in Eqn. 2.2 are obtained by

simply considering an elastic collision between an incident

ion and an electron.

Setting AE=e®, the metallic work

function and using reasonable values for e# (5 eV) and vf
(10* cm/sec), gives a velocity threshold for the kinetic
emission of electrons in the vicinity of 107 cm/sec (i.e.
several hundred eV/amu).

Lakits et al.as point out that

this value can only represent an upper limit, because metal
i

valence electrons may exchange momentum with the crystal
lattice.

This effect can be taken into account by ascribing

an "effective mass" to the electron.

While this treatment

decreases the threshold given by Egn. 2.2 only slightly, it
is found experimentally that for covered surfaces the values
for the threshold energies are observed to be significantly
lower than thresholds predicted by any of the above models.
Work continues in an effort to extend this simple model
and to develop a more detailed understanding of the factors
involved in kinetic emission from metals and in particular
the mechanism associated with kinetic emission of electrons
in the near-threshold region remains an active area of
inquiry.
Winter, Aumayr and Lakits37 have made recent advances
in the understanding of particle-induced electron emission
from surfaces.

A schematic diagram of a portion of their

apparatus is shown in Fig. 2.2.

Primary ions (H+, He+, Ne+,

Ar+, or Xe+) are accelerated into the target.

The electron

detection system is designed such that one can measure the
probability of emitting a certain number, n, of electrons.

15

deceleration
electrode (+4kV)

cage
(+3.94kV)

extraction
electrode
(+6kV)

focussing electrode
(•HtkV)
elections

ions
target (+4kV>
initial ion energy
4.1 kcV

election
detector
(30kV>

. final ion energy
E = 1 0 0 eV

Fig. 2.2. Schematic o f Winter et aL experimental setup for measuring particleinduced electron emission statistics, and, total.emission yields for impact of slow ions
on a clean gold surface.
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The total electron yield, Y(e"), is defined as the average
number of electrons emitted per incident ion,
a

Y(e~) *

«*

WB ,
n-l

5 > a-i

(2.3)

n-o

where Wn is the probability for emission of ri electrons per
primary ion.

They have shown that for the impact of singly

charged, ground-state ions the potential-emission mechanism
can produce at most, one secondary electron.

Therefore by

monitoring Wa and Wt using the electron detection system
illustrated in Fig. 2.2, they can determine precisely the
threshold energy for non-potential mechanisms.
Results for Ne*, Ar*, and Xe+ impacting a gold surface
are shown in Fig. 2.3a where the total electron emission
yield is plotted as a function of impact energy per atomic
mass unit.

In Fig. 2.3b the ratio of emission probabilities

Wa/Wt for emitting, respectively, two and one electrons are
plotted as a function of energy per atomic mass unit.

The

vertical arrows indicate the conventional.threshold (i.e.
given by Eqn. 2.2) for kinetic electron emission.

From

these figures it is concluded that a non-potential mechanism
is responsible for electron emission for energies below the
conventional threshold for kinetic emission.

Winter

suggests that sputtering of Au excited to autoionizing
levels might be responsible for those electrons*6.

In

addition, Winter et al. have pointed out that the absolute

N e \A r +,Xe+ - Au
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m

0.1
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Fig. 2.3. (a) Total electron emission yields for Ne^, Ar+, and X e+ impact on clean
polycrystalline gold vs. impact energy per atomic mass unit. The vertical arrow
indicates the "conventional" threshold for kinetic electron emission, (b) Ratio of
emission probabilities W2/W t for emitting, respectively, two and one electrons for*
impact of N e+, A r \ and Xe* on clean polycrystalline gold vs. impact energy per
atomic mass unit

yields (i.e., the measured secondary electron coefficients)
in the near-threshold region are very sensitive to surface
conditions and have suggested that much of the earlier data
for emission coefficients should not be compared to. the
results of more recent UHV surface experiments in which the
surface is clean and well-characterized.

Specifically, the

kinetic emission of electrons due to collisions of ions (or
neutrals) with gas covered surfaces has been observed to be
an efficient process for collision velocities considerably
below the threshold given above87.

Fig. 2.4 shows the

secondary negative emission coefficient for H“ on gas
covered Cu and stainless steel and on a clean Mo surface as
a function of impact energy as measured by Ray et al38..
Comparing ttje "clean" and the "dirty" surface, it is
apparent that the gas layer absorbed on a surface greatly
enhances the yield of secondary negative particles.

The

question now arises as to why these kinds of experiments are
so dramatically dependent on surface conditions.
Specifically, what is the mechanism responsible for the
production of electrons at low collision energies.
Now we address the issue of emission of secondary
negative ions from surfaces.

A well known use of such

emission is found in secondary negative ion mass
spectrometry (or more generally SIMS) which was mentioned in
Chapter 1.

SIMS is a tool used to investigate a surface's

composition and/or depth profile.

In these experiments, a

2

2

5

2

5

2
Jill

ENERGY (iV)

Fig. 2.4. Secondary negative emission coefficient for H’ on gas-covered Cu (•) and
gas-covered stainless steel (o) and on a clean Mo surface ( a ).

primary beam (typically 5-10 kev positive ions of an inert
gas) strikes a surface and the sputtered secondary ions
(positive or negative) are then collected and focused into a
mass analyzer.

A mass spectrum of the secondary ions gives

a "fingerprint" of the surface and its contaminants.

Fig.

2.5 shows the results of two types of surface analysis
techniques of the same silicon surface.

Auger electron

spectroscopy (AES) consists of bombarding a surface with an
electron beam (l kev or greater in energy) and analyzing the
kinetic energy of the secondary electrons.

The AES scan in

Fig. 2.5a shows signals which can be attributed to an oxide
of the sample and small amounts of carbon and calcium.

The

SIMS scan in Fig. 2.5b however demonstrates.; the detection of
many more trace elements and compounds.

The detection of

hydrogen which is almost invisible to other surface probes
is especially noteworthy.

Although SIMS is perhaps the most

sensitive surface technique31, the mechanism governing the
formation and sputtering of negative ions is not well
understood for all systems32.
One of the interesting results of the experiments to be
presented in this chapter is the suggestion of a possible
explanation for the mechanism associated with the production
of secondary electrons at low collision energies.

This

suggested mechanism is somewhat similar to Winter's
hypothesis that collisionally-formed autoionizing atoms
might be responsible for the secondary electrons which are
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Fig. 2.5. Surface chemical analysis of a Si surface: (a) Auger spectrum;
(b) SIMS spectrum.

.

22

observed in low energy collisions of ions with surfaces.
Although the surface is undoubtedly gas covered, it is
of obvious interest to understand the mechanisra(s) for
secondary electron emission on such surfaces.

As was

mentioned earlier, understanding electron and negative ion
emission from surfaces due to low energy ion impact is
%
important to a number of areas. In addition to those areas
mentioned earlier, the field of plasma-surface interactions
would benefit from a comprehensive program to study the
impact of low energy particles.33

23
B. Experimental Apparatus and Methods

A schematic diagram of the apparatus used in the
present experiments is shown in Fig. 2.6.

An alkali

positive ion beam is extracted from a commercial thermal
emission cation source34.

The source has a porous tungsten

surface which has been impregnated with an alkali compound,
and emits a positive alkali beam when heated.

The purity of

the beam is reported34 to be greater than 99%, with no
metastable ions in the beam.
Two lens elements, Ls and Lz, extract the positive ions
from the source and focus them into a 45° electrostatic
parallel plate analyzer shown in detail in Fig. 2.7.)
The analyzer employs a uniform electric field created
by placing a potential difference V across a pair of
parallel plates and first order focusing in the deflection
plane is obtained when the angle of incidence is 45° 3a.

For

transmission, the deflection potential, V is given by
V=2Ed/L, where d is the plate separation, E is the beam
energy and L is the distance between the apertures in the
attractor plate ("e" in Fig. 2.6).

Satisfying this

relationship gives an impact angle (the angle between the
surface and the incident trajectory of the positive ions
beam) onto the Mo surface of 45°.

The same field which

focuses the primary beam onto the Mo surface is also
employed to extract the negatively charged secondary
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Fig. 2.6. Schematic diagram of experimental apparatus.
(a) Ion source; (b) and (c) injection lens; (d) Mo ribbon; (e)
and (f) parallel-plate analyzer; (g),(h), and (i) lens; (j)
magnetic momentum analyzer; (k) particle detector.
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ions

Fig. 2.7. Schematic diagram of parallel plate analyzer.
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produces from that surface.
The experiment can be operated in one of two modes,

in

the first, the absolute yield of secondary electrons, and
separately, secondary negative ions are measured.

In this

mode, a Faraday cup replaces the last cylinder on the exit
lens stack.

An electromagnet, not shown in Fig. 2.6, is

located in front of the Faraday cup and can be energized to
produce a transverse magnetic field of about 30 Gauss.

This

field prevents electrons from reaching the Faraday cup while
not appreciably affecting the trajectories of the negative
ions.
To measure absolute negative ion and electron yields,
the incident current to the Mo surface, I„, is measured with
an electrometer attached to the Mo surface.

This current

consists of incoming positive alkali ions, outgoing
electrons, and outgoing negative ions.

Fig. 2.8

demonstrates the effect of the electromagnet's field on the
secondary beam.

Here the measured current to the Faraday

cup, l„, is plotted as a function of the current applied to
the electromagnet.

With the electromagnet turned off (B=0),

a secondary current is measured at the Faraday cup, ls(B=0),
consisting of electrons and negative ions, while at higher
magnetic fields, the current to the Faraday cup iafB^O)
consists solely of negative ions.

The negative ion yield,

which is defined as the number of secondary negative ions
per incident alkali ion, is then:

<

Faraday Cup Current

c

2

4

6

8

Magnet Current (Amps)
Fig. 2.8. Faraday cup current vs. applied current to the electromagnet.
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and similarly
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The aperture in the deflector plate, the Faraday cup,
and lens through which the electrons and ions are
transmitted are considerably larger than the emitting area
of the Mo ribbon.

Additionally, the yields, as determined

by (2.4) and (2.5), are found to be independent of the lens
voltages over a wide range of voltages, leading us to
conclude that the absolute transmission factors for
detecting ions and electrons are very close to unity.
In the second mode of operating the experiment, the
Faraday cup is removed and the ions are focused into a 90°
magnetic mass analyzer and subsequently detected by a
particle multiplier.

The ions pass through the spectrometer

tube with a fixed kinetic energy and a mass spectrum is
obtained by varying the magnetic field.

This mass

spectrometer has been used in previous experiments36? these
experiments have indicated that its relative transmission
factor is independent of mass, within 20%, at least for
l<m<40 atomic mass units.

The particle multiplier used to
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detect the negative ions37 has a large aperture and is
operated in the pulse mode such that the negative ions
strike the input cone of the multiplier with a kinetic
energy of 750 eV.

At this energy, the detection efficiency

is close to unity and independent of mass37.

The pulses

from the particle multiplier are amplified by an Amptek At
111 charge sensitive amplifier and discriminator. The
output pulses from this device are TTL compatible; these TTL
pulses can be fed into a scaler so that the secondary
negative ion count rate for a particular mass can be
monitored.
Mass scans or temporal studies of the secondary ions
are obtained through the use of a GPIB data acquisition
system.

A PC using a National Instruments GPIB controller

card is connected to a voltmeter, a scaler and a digital-toanalog programmer.

The programmer (Kepco SN 488-122) is

used to control the power supply which sets or sweeps the
magnetic field in the spectrometer.

The voltmeter (Keithley

175) is connected to a gaussmeter and measures the applied
magnetic field.

The scaler (Aston 721) monitors the count

rate from the A-lll.

The data acquisition system is

operated through programs written in Quick Basic.
The Mo sample was cut from technical grade
polycrystalline ribbon, 5 mm wide and .020 mm thick.

The

work function of the ribbon can be lowered by the deposition
of alkali atoms from the primary beam.

This altered work
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function can be controlled by varying the primary beam
intensity (typically in the range 0.5 to 5 nA) pr the
exposure time of the Mo to the primary alkali beam.
Typically the sample is heated to a temperature of .1000 K
for about 10 minutes before and perhaps during an
experiment.

This temperature is markedly below the 1800 K

needed to rid the surface of molybdenum-oxide38; however the
bakeout does remove the absorbed water and any previously
deposited alkali metal.
Experiments in the field of surface physics normally
require ultra-high vacuum (UHV).

Elementary kinetic

theory39 provides an estimate of the surface flux, *, for a
gas at fixed pressure (p) and temperature (T):
$ =

P
yJ2%mkT

(2 .6 )

For nitrogen at 300 K and a pressure of 10-8 Torr the flux
is 5xloia/(cmas).

If every molecule that strikes the surface

sticks, a "clean” surface would be covered with a monolayer
of nitrogen in three minutes.
All of the experiments described in this thesis were
conducted in a Varian FC12-E Table Top System.

This is a

metal UHV chamber covered by an elastomer-sealed Pyrex bell
jar.

The system, pumped by sputter-ion and titanium

sublimation pumps, has a base pressure of 2xl0“9 Torr.
The chamber is initially evacuated by a Sargent-Welch
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direct-drive pump.

A zeolite trap in the roughing line

prevents backstrearning of hydrocarbon vapors from the
roughing pump into the chamber.

The trap is baked and

cooled before each evacuation is performed.

After roughing

the chamber to a pressure of 10 microns, the ion pump is
started and an all-metal valve is closed with a torque
wrench.

The entire vacuum chamber is then baked using

heater tapes and a Halogen lamp placed inside the vacuum.
The vacuum is monitored in two ways.

A standard nude

gauge measures total pressure, while an Ametek residual gas
analyzer (RGA) gives a rough indication of the partial
pressure of various gases in the vacuum.

The display of the

RGA can be "screen-dumped" to a printer.

A sample printout

of typical vacuum conditions is shown in Fig. 2.9.

Here we

see residual gas pressure plotted as a function of atomic
mass units.

In a leak-free chamber, the dominant partial

pressure will be due to water vapor, as is observed here
(mass 18).

Mass 2 corresponds to hydrogen gas (Ha) and is

always prevalent in ion pumped vacuum systems.

Also present

is nitrogen (N2), mass 28, and a small peak at mass 43, from
the cracking of acetone which is occasionally used as a
solvent in cleaning the vacuum components.
Various gases can be injected into the vacuum chamber
by using the gas handling system.

A schematic of this gas

handling system is shown in Fig. 2.10.

A Sargent-Welch

direct-drive pump has the dual task of first roughing out

Partial Press. (xlO aTDrr)
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Fig. 2.9. Mass scan taken by residual gas analyzer (Ametek Model
# M200) for typical vacuum conditions.
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Fig. 2.10. Schematic diagram of gas handling system, (a) leak valve; (b) gas
reservoir; (c) and (d) valves; (e) cold cathode gauge; (f) butterfly valve; (g) diffusion
pump; (h) and (1) foreline valves; (j) vent; (k) thermocouple pressure gauge; (m)
bourdon gauge; (n) lecture bottle; (o) rough pump.
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the gas reservoir and vacuum lines above the diffusion pump
and also backing the diffusion pump during its operation.

A

gas is then injected into the reservoir which is then
immediately isolated.

A Granville Phillips series #203

Variable Leak Valve is then used to control the flow rate of
gas into the vacuum with partial pressure resolution of 10-1°
4
Torr.
As stated earlier, surface physics experiments require
ultra-high vacuum (UHV).

To that end, much attention was

paid to keeping the vacuum chamber clean, i.e., free of
contaminants (such as finger grease) and materials which
have high outgassing rates.

Electrical connections were

made with bare uninsulated wires.

Handling of any item to

be used in the vacuum was done with latex gloves.
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C. Results and Discussion

The absolute yield of negative ions, i.e., the number
of secondary negative ions per incident positive ion, is
shown in Fig. 2.11 as a function of impact energy for Na+
hitting the Ho surface at an angle of about 45°.

For the

results shown in Fig. 2.11, the Mo sample in a vacuum (10"*
Torr), was heated to 1000 K for about 10 minutes immediately
before the data for curve (a) was collected.

Each

subsequent curve [(b)-(e)] corresponds to an increased
coverage of sodium on the Mo surface.

A cubic spline fit is

used to generate the solid lines shown in Fig. 2.11 (as well
as those in all subsequent plots of yield).

Specifically,

the Mo sample at 300 K was continuously exposed to an
incident Na+ beam of 5 nA.

With this intensity, and the

assumption that all ions stick to the surface, approximately
300 minutes are required for establishing a complete
monolayer of the alkali metal on the exposed ribbon.

The

time required for acquiring the data for each curve was
under 10 minutes, whereas the exposure time between each of
the five runs was about 50 minutes.

Thus each curve in Fig.

2.11 is taken with a different fractional coverage by the
alkali, but due to the relatively short time required to
complete an experimental run, one can assume that the alkali
coverage and hence the work function remains approximately
constant during each of the five runs.
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Fig. 2111. Absolute yield of negative ions for Na+ projectiles as a function of impact
energy. Curves a-e correspond to increasing coverage of alkali metal on the Mo
surface: The integrated doses correspond to (a) 0.03S ML, (b) 0.2S ML, (c) 0.4S ML,
(d) 0.6S ML, (e) 1.0S ML, where S is the sticking coefficient for 100-eV Na+ ions on
the surface and where one monolayer (ML) is taken to be 6xl014/cm 2.

37
The ion yields exhibit a clear dependence on the sodium
coverage, with increased coverage leading to a higher yield.
All curves show distinct thresholds at an impact energy of
60 eV regardless of the amount of alkali coverage.

The

fifth run, (e), was taken after the Mo surface could have
acquired an alkali coverage of about one monolayer, based on
1
the aforementioned assumption that all incident Na+ sticks.
The yield of electrons as a function of impact energy
is shown in Fig. 2.12.

The electron yield data [Fig. 2.12

(a)-(e)] were obtained simultaneously with the negative ion
yield data [Fig. 2.11 (a)-(e)].

Both negative ion and

electron yields exhibit a distinct threshold around 60 eV,
and as is true for the ions, the secondary electron yield
increases as the alkali coverage of the surface increases.
For all coverages the negative ion yields exceed those for
secondary electrons for alkali impact energies below 200 eV.
The sum of the total yields (electrons and ions) increases
almost linearly with energy above the threshold.

This is

shown in Fig. 2.13 (a) and (e) where the total yield is
plotted as a function of the impact energy for two of the
curves corresponding to Figs. 2.11 and 2.12 (a) and (e)
respectively.
Fig. 2.14 shows both the negative ion and electron
yields as a function of impact energy for K* hitting the Mo
surface for an alkali coverage of about one monolayer.
yields in Fig. 2.14 show similar behavior to their

The
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Fig. 2.12. Absolute yield of electrons for Na+ projectiles; a-e same as for Fig. 2.11.
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Fig. 2.13. Absolute yield of negative products (negative ions and electrons) for Na+
projectiles as a function of impact energy, a and e correspond to Fig. 2.11.
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Fig. 2.14 Absolute yield of negative ions(A) and of electrons(d) for K+ projectiles as
a function of impact energy.
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corresponding curves in the Na* primary beam [i.e. Fig.
2.11(e) and Fig. 2.12(e)].

Fig. 2.14 shows a threshold

energy for the production of negative ions around 50 eV.

it

was found that if one plots the square root of the electron
yield as a function of impact energy, the results are
approximated by a straight line which extrapolates to a
I
threshold energy for the production of electrons around
70 eV.
Figs. 2.15 through 2.19 show the mass spectra of the
sputtered negative ions for the impact energies 60 eV, 100
eV, 160 eV, 200 eV,

250 eV respectively.

The molecular

negative ion 02" is by far the dominant species in the
threshold region, while O" dominates at the higher impact
energies.

Fig. 2.20 shows the details of the fractional

composition of the negative ions taken from the spectra Fig.
2.15 through Fig. 2.19.

The four negative ions shown (H“,

c2", O", o2~) comprise greater than 90% of the total negative
ion signal.

The remaining negative ions which could be

identified in the mass spectra were CH“ and OH".
A mass spectrum of sputtered negative ions due to K*
striking the Mo sample at 60 eV is shown in Fig. 2.21.

As

is the case for Na* striking the Mo at 60 eV (Fig. 2.15),
the dominant peak near energy threshold is 02".

The

similarity of the mass scans and the behavior of the yield
measurements for the two projectiles K+ and Na* suggests
that these two systems (Na+, K* striking gas covered Mo) can
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Fig. 2.15. Mass spectrum of negative ions sputtered by 60-eV Na+ ions impacting Na
covered Mo.

43
60

^

50

N
X

^

40

>
a

30

CD

§

20

M

10

4->
C

0

0

4

a

ia

16

20

24

28

32

36

40

Mass (u)
Fig. 2.16. Mass spectrum of negative ions sputtered by 100-eV Na+ ions impacting
Na covered Mo.
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Fig. 2.17 Mass spectrum of negative ions sputtered by 160-eV Na+ ions impacting Na
covered Mo.
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Fig. 2.18 Mass spectrum of negative ions sputtered by 200-eV Na+ ions impacting Na
covered Mo.
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Fig. 2.19. Mass spectrum of negative ions sputtered by 250-eV Na+ ions impacting
Na covered Mo.
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Fig. 2.20. Composition of the negative ions which are sputtered from the surface.
O, 0 2‘; a , H'; □ , O'; ,-v; C f. The alkali metal coverage corresponds to the
conditions for curve e in Fig. 2.1C
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Fig. 2.21. Mass spectrum of negative ions sputtered by 60-eV K+ ions impacting K
covered Mo.
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be treated with identical analyses.
Two observations suggest that the electron and negative
ion signals originate from a common dynamical mechanism.
First, the threshold energies are similar for the electrons
and the dominant negative ion species, 02~ for a given
primary beam species.

Secondly, both the electron and the

negative ion yields at a given impact energy increase in a
very similar manner with increased alkali coverage.

One

possible explanation for these observations is that the
incoming positive ion sputters particles, some of which are
electronegative and may form both stable and unstable
negative ions when leaving the surface.

In such a scenario,

the unstable negative ions autodetach giving rise to the
secondary electrons observed in the process.
Sputtering of excited atoms is not a novel process in
that it has been observed previously.

In particular,

sputtered excited atoms have been detected by observing the
photons emitted during their decay in vacuum.40 Tsong and
Yusuf41 have reported absolute photon yields (number of
photons emitted at a particular wavelength per sputtered
atom) which lie in the range l0-a-10-6 for photon wavelengths
of between 200 nm and 800 nm.
For example, 02"(v) is unstable if the vibrational
quantum number, v, is greater than three.
energy diagram of the
in Fig. 2.22.

The potential

02" molecular negative ion is shown

It is observed that the 0a~ system is stable
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for the lowest three vibrational states in the molecular
ion's lowest electronic state.

For v > 3, 02" is metastable

and will autodetach into 02 and a free electron.
In the near-threshold region, we speculate that the
average vibrational quantum number, v, for 02"(v) is small
(below 3) and as the impact energy increases, v increases
accordingly.

Hence at low energy, it would be more likely

to observe the stable molecular negative ion, while at
higher energies the secondary electron signal would exceed
that for 02" as is observed in the present experiment.

Thus

the suggestion is that secondary electron emission for these
low energy collisions is not an independent process but
rather follows from sputtering an unstable^negative ion
which autodetaches after the anion is a few angstroms from
the surface.

Estimating the time it takes an 02" molecule

with energy around 1 eV (2.4x10s cm/s) to travel a few
angstroms, gives a value of 1.2xl0“13 sec.

This time is on

the same order of the lifetime of the unstable negative ion
(-10~X4 sec).
The formation of sputtered negative ions has been
previously treated by the "electron-tunneling model"
described in the introduction of this thesis.

In this

treatment, a neutral is sputtered from a metal by an
incident ion, as the neutral leaves the surface, charge
transfer can take place between its electronic states and
the delocalized states of the valence band of the metal.

A
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salient feature of the electron tunneling model is an
exponential dependence of the attachment probability p- on
the work function of the metal:
P~ <* exp [ ~

e

],

(2.7)

where $ is the work function of the surface, A is the
electron affinity of the secondary ion, and e is
proportional to the perpendicular velocity of the sputtered
neutral, particle.

In other words the faster a newly formed

negative ion leaves a surface (i.e. the less time it spends
near the surface where charge exchange occurs), the greater
the probability that the negative ion will survive.
Fig. 2.23 shows the change in work function A$(eV)
plotted as a function of alkali coverage, 0, for.Na, K and
Cs on Ni4a.

Two features are interesting to point out.

First is the approximate linear decrease of 4 with 0 for
small values of the alkali coverage.

Secondly, the minimum

of the work function occurs approximately when there is onehalf of a complete alkali monolayer.

The behavior

illustrated in Fig. 2.23 is typical for all alkali metals
adsorbed on transition metals42.

The single valence

electron of alkali metals is weakly bound, hence the alkali
metals are very electropositive elements, and as solids they
exhibit low electron work functions.

When absorbed on a

transition metal surface, their valence s-orbital hybridizes
with the upper states of the valence band of the substrate
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Fig. 2.23. Work function change vs. coverage of Na, K, and Cs on Ni.
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metal.

The s-state is broadened and lowered in energy, such

that it may lose part of its s-electron.

As a consequence,

the electrostatic potential around the adsorbed alkali
species will be lowered, and the alkali species itself
becomes partially ionic.

Fig. 2.23 demonstrates that the

lower the ionization potential of the alkali metal, the
%

larger the dipole moment of the adsorbed alkali metal and
the work function change.
This leads us.to the question of how the secondary
negative ion current i„ changes as a function of alkali
coverage, or in other words, for a given primary current,
how does i. change as a function of, time.
Eqn. 2.7 gives i„«ipe'#/*, and then

Since i.«ipP",

*.

04 -ip <-f|)exp<-*/c>,

(2.8)

From Fig. 2.23 we see that we can approximate $-$0-ce where
the coverage e=ipt. Hence, -d*/dt * ip.

Thus Eqn. 2.8

predicts di3/dt <* ip°, where B=2.
Investigations on the dependency of the negative ion
and electron yields on alkali coverage were performed.

In

most of these experiments, K+ was employed as a primary beam
because of its strong effect on the work function of the
sample.

In one such experiment, the Mo sample was

continuously bombarded with 5 nA of 275 eV K+ for nearly
hours.

During this time the total negative ion yield and

electron yields were monitored.

The negative ion yields
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measured during this experiment are shown in Fig. 2.24.
Here it is demonstrated that even with no alkali coverage
there is a yield of negative ions and that after 7 hours the
ion yield is still increasing.
In a similar experiment, the Ho sample was bombarded
with K+ only when taking total yield measurements.

Fig.

2.25 shows total yield of negative products (ions and
electrons) as a function of time using 5 nA K*. This
experiment demonstrates that if the alkali deposition is
terminated for any length of time, and then resumed, the
electron and negative ion yields also resume unchanged.
This result also points out that no appreciable "poisoning"
of the surface occurs due to adsorbed gases i'
To examine the tunneling mechanism described by Eqn.
2.7, the Mo surface was heated to 1000 K for 10 minutes,
cleaning the surface of all previously deposited alkali
metal.

The Mo surface was then allowed to cool, and the

exposure of the surface to the alkali beam was started.

The

time rate of change in the secondary negative ion signal
(diB/dt) was then measured for various values of the primary
current ip.

Fig. 2.26 shows di./dt for O' sputtered from Mo

by 160 eV K+.

Each straight line corresponds to a specific

primary beam intensity.

The slope, difl/dt, for each value

of ip was then determined from a linear fitting routine.
Fig. 2.27 shows the square root of these values of diB/dt
plotted as a function of ip.

Graphical analysis of the
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Fig. 2.24. Absolute yield of negative ions for K+ projectiles as a function of
time; constant beam of K+.
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Fig. 2.27. The square root of the slopes from Fig. 2.26 (change in O' intensity as a
function of time, dis/dt) for various values of the primary current (Ip) plotted as a
function of Ip.
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dependence of di,/dt on ip gives di./dt = ips where J3=2.3±0.3.
This result is in reasonable agreement with the prediction
of Eqn. 8.
Now let us turn to the question of the energy
thresholds observed in these experiments.

In treating

sputtering processes, one often makes the simple assumption
that the primary projectile of energy E* and mass mx
collides elastically with a surface particle (m2), losing a
fraction, yit of its original kinetic energy.

A second

collision can then transfer Ya(i_Yi)Ei=AE to a third particle
(ma).

If AE exceeds the surface binding energy of the third

particle then it may be ejected from the surface.

With Na*

as the primary beam, the energy threshold for Oa~ is
observed to be 60 eV, with K* the threshold is observed to
be 50 eV.

It is clear that Ya(1-Yi) must be of order 0.1 as

binding energies are typically several eV.

Let us take a

simple example which is illustrated in Fig. 2.28: if Na*
collides with a surface particle and is deflected 45° (i.e.
scatters into the plane of the surface in the present
experiment), then 0<yx<.5, depending on whether m2 is Mo
(Yi"°)

m^mi (Yi“0.5).

In a second binary collision with,

e.g., 03, the oxygen molecule rebounds with an energy Yi(i“
Ya) “( .97YiCos30) for the case of Na* on o3, where 9 is the
recoil angle of 02 with respect to that of Na* which, in
this example, is in the plane of the surface.

It is clear

that large angles are required for sputtering and for
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Fig. 2.28. Schematic of ion-surface collision.

Metal

simultaneously maximizing the attachment probability P" of
Eqn. 7. [e is proportional to the outgoing projectile's
component of velocity normal to the surface43.]
Specifically, if one uses this model to calculate & for 02
(assuming Ex is 60 eV and ma is Mo) such that the kinetic
energy transferred to the 0a molecule is greater than 5 eV
(typical binding energy), it is found that 9 must be less
than 17°.

In conclusion, it is clear that a simple two-step

model such as that described above can yield values of
Yi(1_Y2 )cos2®
exhibit

the neighborhood of 0.1; the data which

thresholds at E^eOeV (Na+) and E^SOeV (K+) are

then at least compatible with such a model.

A similar

argument applied to the sputtering of H“ would predict a
higher threshold energy, in accord with our results shown in
Fig. 2.20.
Experiments were performed to investigate the sources
of the neutral parents of the observed ions were performed.
In one series of investigations, the Mo was heated to 1000 K
for 10 minutes before each experiment and then subjected to
doses of up to 800 Langmuir (1 Langmuir is an exposure of
10-s Torr for 1 sec) of water, a prevalent surface
contaminant, by introducing water vapor into the vacuum at
partial pressures varying from 10-9 to 10“7 Torr.

It was

observed throughout these experiments that neither the total
negative ion yield nor the total electron yield was affected
by this exposure to H20.
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In another test, equal partial pressures of Ha0 and Dao
were introduced into the vacuum.

Fig. 2.29 shows the

rga

scan of the background gas during the H20/D30 exposure.
After a dose of a few Langmuir only a small D" signal shown
in Fig. 2.30 (<1% of the H') signal was detectable.

We are

then led to the conclusion that water vapor adsorbed on the
surface of the sample due to our dosing is not an important
source of the observed desorbed ions.
The source of the H“ signal is intriguing.

As

mentioned in the introduction of this chapter, SIMS is best
suited for investigating hydrogen in surfaces.

Again, the

persistence of the H” signal even after heating the surface
to 1000 K leads one to conclude that sources of hydrogen
other than absorbed water or hydrocarbons, such as
interstitial hydrogen, are responsible for the H* observed.
It has been reported by other investigators that a surface
with an oxide layer will continue to have Ha outgassing even
after conventional bakeouts44 (20 hour bakeout under vacuum
at 100° C).

The notion is that oxide layers inhibit

hydrogen from diffusing across the metal/vacuum interface
and desorbing into the vacuum.

It follows then that if this

idea is correct and one wants to remove the hydrogen from
Mo, the sample must be baked to at least 1800 K so as to
remove the oxide layer first.
Additional experiments conducted by subjecting the
surface to doses of Ha resulted in no change in the H"
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signal.

Experiments conducted with similar doses of Da did

not result in any D~ signal.

These results are again

consistent with the oxide argument, which would say that
hydrogen (or deuterium) cannot be injected into molybdenum
at low energy because an oxide layer will also inhibit
migration from vacuum into the surface.

Clearly many more
fc

interesting experiments could be done to test these ideas by
manipulating the oxide layer with various thermal cycles and
controlling gas doses.
In summary, two facts indicate that 0“ and 0a" peaks in
the spectra are due to an oxide layer on the Mo:(l),
experiments conducted with doses of water showed that water
had no effect on these secondary signals, and (2) heating
the Mo to 1000 K did not eliminate the o- or Oa_ signal.

On

the other hand, the yields of Ca" and CH~ were observed to
diminish upon heating, suggesting that these ions may have
been due to trace amounts of hydrocarbon contamination (<10“
10 Torr) in the vacuum which adsorbed to the oxide layer.

.
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D. Summary

Total negative ion and electron yields for collisions
of positive alkali ions with a gas-covered, heterogeneous Mo
surface have been measured.

Mass analysis of the sputtered

negative ions show that <V is the dominant ion at low
impact energies.

This coupled with the fact that threshold

energies are similar for secondary negative ions and
electrons suggests that electron production is correlated to
the 03“ production, and specifically that electrons are the
result of autodetachment of excited 02" and perhaps of other
short-lived excited negative ions.

It is shown that the

work function plays a major role in determining both the
negative ion and electron yields.

The results are

compatible with the electron-tunneling model of Yu3B.
Investigations as to the source of the H~ were conducted.
It was shown that water vapor is not an important direct
source of any of the desorbed ions.

Further evidence

suggests that the source of the two oxygen negative ions
(cr, o2“) is the oxide layer on the Mo.
Future work should include detailed in situ
investigations of the surface's composition and its relation
to the sputtering of negative ions.

Manipulation of the

oxide layer could be done through the use of 1800 K bakeouts
and careful 02 doses.

CHAPTER 3
PHOTON-ASSISTED NEGATIVE ION
DESORPTION FROM LOW WORK FUNCTION SURFACES

A. Background

Photo-desorption of H" from a barium substrate has been
investigated for photons with wavelengths ranging from 245
to

585 nm.

The principal aim of this work has been to

examine the role of these photons in producing H“ at these
low work function surfaces.

The results of this chapter

could be of interest to those who work with high current
negative ion sources.

It may be the case that photon-

assisted negative ion desorption plays an important role in
determining the concentration of H“ in these ion sources.
Interactions between photons and surfaces have been
studied extensively.45-48 In addition to the surface analysis
techniques which employ photons that were mentioned in the
introduction to this thesis, much work has been done in
studying the physics of photon interactions with
adsorbate/surface interfaces.

One particularly relevant

application of photons with these interfaces is in the area
of photon-assisted etching of electronic materials49'5®.
Included in the adsorbate/surface work, extensive studies of
68
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photochemistry at adsorbate/seraiconductor interfaces have
been conducted.

Many of these experiments have concentrated

on the conversion of solar energy to chemical energy.
This chapter will look at the interaction between
photons and an adsorbate/metal system.

Closely related to

this field is the work done in the area of desorption
i

induced by electronic transitions (DIET)81.

There are two

subfields within DIET studies that are very relevant to
surface photochemistry; these are electron stimulated
desorption (ESD)51 and photon stimulated desorption (PSD)81.
These subfields include work directed at understanding the
physics of neutral atom or ion (usually positive) desorption
due to electron or photon impact.

The same excitation

pathways are relevant for both surface photochemistry and
DjFiET processes".
The question now arises as to how a photon incident on
an adsorbate/metal system can cause desorption of atoms in a .
PSD event;

One of the commonly discussed mechanisms for PSD

is the Menzel-Gomer-Redhead (MGR) or Franck-Condonexcitation mechanism89.

In the MGR model, an electron from

the bonding orbital between the desorbate species and the
rest of the system is suddenly excited into an anti-bonding
state.

As a result of this Franck-Condon excitation (a

molecular excitation in which the internuclear separation
remains essentially unaltered while the electronic
transition takes place), the desorbate species finds itself
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on a repulsive potential curve and thus moves away from the
surface93.
For the present experiments, photon-driven reactions
are treated not in the usual context of photon-adsorbatemetal surface systems in which the adsorbate is an
impediment to energy transfer to the substrate, but with the
notion that the barium sample used in these experiments is
laced with interstitial hydrogen.
The desorption of surface species as a result of photon
bombardment can arise from several different mechanisms53.
These may be categorized as direct heating of the surface by
photon bombardment, indirect, or resonant heating associated
with resonant absorption of photons to produce vibrational
excitation of adsorbed species.

Also, there are the direct

photon-stimulated processes mentioned before, where the
excitation process leads directly to the desorption of an
atom or molecule.
When studies using high energy, high intensity photon
sources were first begun, it was hoped that surface
analogies to gas-phase photochemistry could be developed.
The problem is, however, that a molecule close to a solid
surface has many pathways by which the excitation generated
by photon absorption can be rapidly dissipated into the bulk
of the solid.

This occurs, for example, by phonon or

plasmon excitation or by the generation of electron-hole
pairs within the solid.

In a few studies, true
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photodesorption arising from vibrational excitation has been
observed, but these studies usually involve systems in which
an inert "spacer" layer(for example, an absorbed inert gas)
has been used to impede energy transfer from the excited
adsorbed species to the substrate.
A large fraction of the photodesorption experiments can
be explained in terms of the indirect, or resonant, heating
mechanism94.

In this case, the initiating event is resonant

photon absorption via a vibrational mode of an adsorbed
molecule.

Because the cross section for this process

depends upon matching the photon energy to the vibrational
mode frequency, the process shows the strong photon
frequency dependence typical of gas-phase photochemical
processes.

However, because of the rapid redistribution of

the energy of the initial'excitation into the phonon modes
of the substrate, the desorption events that follow the
initial excitation are essentially thermal desorption events
driven by local heating.

It is important then to address

the issue of thermal desorption when analyzing the results
of the experiments to be presented in this chapter.
Now let us turn our attention to the barium surface
which will be used in all of the photodesorption experiments
presented here.

The use of barium in negative hydrogen ion

sources has been investigated extensively over the past
several years31.

These experiments have been motivated by

the desire to construct a high current, high energy neutral
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(H or D) beam injector to be used in nuclear fusion
programs.

Such a neutral beam can be produced by stripping

the electrons from a high current, high energy H- beam.

Van

0sal describes "surface conversion" which is one method of
producing such high current H~ beams.

In this method, a

converter surface is placed in contact with a hydrogen
plasma; Fig. 3.1 shows a diagram of one of these hydrogen
sources.

Protons from the plasma strike the surface and

most of these protons are implanted while some are
scattered.

Implanted hydrogen can come to the surface via

diffusion or via removal of substrate material by
sputtering.

Surface hydrogen atoms are sputtered by the

incident flux and a fraction of the sputtered and scattered
particles will form H" via resonant charge exchange with the
converter surface.
Resonant charge exchange from a metal surface to an
atom can occur as a result of electron tunneling between the
electronic states at the surface and the valence states of
the hydrogen.

When a hydrogen atom is near a metal surface,

the electron affinity level of the atom shifts to lower
energy due to the interaction of the atom with its image
charge in the metal.

As the atom approaches the metal

surface, a distance is reached where the affinity level of
the atom crosses the work function of the metal, but is
broadened due to this interaction.

Subsequently, an

electron from the metal can tunnel between the conduction

Hydrogen Gas Inlet
Hollow Cathodes

Barium Converter
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[p d jjg o o o 0
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Filament

Fig. 3.1. Experimental set-up of the Amsterdam Light Ion Conversion
Experiment, ALICE.

74

band and the affinity level of the atom.

In Gadzuk's theory

of resonant charge exchange19, it is shown that the
transition rate is strongly dependent on the Fermi energy,
i.e. the width of the conduction band of the metal.
The paramount observation of the experiments to be
presented here is that photodesorption of H~ from a barium
converter substrate does occur with a yield increasing
almost exponentially with photon energy.

A plausible

mechanism for the production of H” will be discussed, and
comments oh the consequences to the "surface conversion"
experiments described above will be given.
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B_. Experimental Apparatus and Methods

A schematic diagram of the apparatus used in the
studies presented here is shown in Pig. 3.2.

Photons from

an optical delivery system are focused into the vacuum
chamber and onto the barium sample.

Negative ions which

leave the barium sample are focused into a 90° electrostatic
beam bender. The ions then enter another lens stack where
they are focused into the aperture of the magnetic mass
analyzer described in Chapter 2 and are subsequently
detected by the particle multiplier.

As before, the ions

pass through the spectrometer tube with fixed kinetic energy
and, if desired, a mass spectrum can be obtained by varying
the magnetic field.

The experiment is conducted in the same

vacuum system used in the negative ion and electron emission
surface experiments.
The electrostatic beam bender includes two concentric
plates spaced \n apart, having radii ri,r2 of 2" and 2\n
respectively.
(ev).

The ions enter the beam bender with energy e

The beam bender passes the ion beam when the voltage

between the two plates AV is :
A V = 2eln( — ) ,
ri

(3.1)

which gives
A V = .6376

(3.2)
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Fig. 3.2 Schematic diagram of experimental apparatus.
(a) Ba surface; (b) and (c) beam bender; (d) ,(e), and (f)
lens; (g) magnetic momentum analyzer; (h) particle detector.
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for the design parameters stated above.
All surfaces in the vicinity of the barium sample are
biased with respect to the mass spectrometer such that the
negative ions formed on surfaces other than the barium
cannot reach the detector.
Fig. 3.3 shows a schematic of the optical system.
Photons of various wavelengths are focused onto the barium
sample in the following manner.

A l kw Hg vapor arc lamp

(Oriel #6287) serves as the source for the photon beam.

The

optical beam is passed through a water IR filter (Oriel
#6123) which contains an outer water jacket through which
water flows to cool the filter.

The photon beam is then

focused into the slit of a monochromator (Oriel #77200).
The monochromator contains a 1200 line/mm grating and is
capable of 0.1 nra resolution with proper choice of slits.
The selected wavelength is then focused through a UVtransparent sapphire window mounted on a vacuum flange.

The

beam then passes through an aperture in the outer
cylindrical element of the electrostatic beam bender and
subsequently strikes the Barium surface.
The absolute intensity of the photon beam is determined
in situ by replacing the barium sample with a calibrated
photodiode (Oriel #7181).

The spectrum measured with this

configuration is shown in Fig. 3.4.

The photo-diode

calibration was checked using a photometer borrowed from
NASA-Langley Research Center.
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Fig. 3.3. Schematic diagram of optical delivery system, (a) Hg lamp housing; (b) IR
filter; (c) monochromator; (d) lens; (e) quartz window; (f) vacuum chamber; (g)
barium.
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Fig. 3.4. Spectral power of Hg lamp.
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The barium was obtained from the Notre Dame Radiation
Lab in a housing such that it can be used as a thermionic
electron source.

The barium surface is in contact with a

Nichrome heater wire which is inside the barium, and a
Tungsten extraction grid is placed in front of the barium
surface.
In order to condition the barium, the sample is
maintained at a temperature of 1000 °C for approximately one
half-hour.

This conditioning period is necessary in order

to obtain stable electron emission current (10-30 nA).

It

is believed that the role of the conditioning procedure is
to purge the barium surface of impurities, and hence lower
its work function.

Immediately before photodesorption

experiments were conducted, the barium was conditioned as
described above and then allowed to cool to a temperature of
200°C, for a period of about 15 minutes.
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c. Results and Discussion

The relative yield of photodesorbed H", i.e. the number
of negative hydrogen ions desorbed per incident photon is
shown in Fig. 3.5 as a function of photon energy.

The

number of photons striking the surface is the measured power
(taken from Fig. 3.4) divided by the photon's energy.

For

the results of Fig. 3.5, the barium sample was heated to
1000 °c to obtain stable electron emission for approximately

1/2 hour and then allowed to cool for a period of about 10
minutes.

The yield of H“ was then measured for various

wavelengths.
The IT yield, as seen in Fig. 3.5, exhibits a very
strong dependence on the incident photon energy, with higher
energy photons giving rise to a higher yield of photo
desorbed H".

A threshold energy for the production of H" is

clearly observed in the vicinity of 3 ev.

This is observed

to be the case for all sets of data collected.
As was mentioned in the introduction of this chapter,
many photodesorption experiments can be explained in terms
of a heating mechanism.

Two experiments were designed to

investigate the possibility that the observed H" ions were
due solely to the heating of the surface by the photon beam.
The first of these, experiments consisted of replacing
the optical delivery system (Hg lamp and monochromator) with
a Nd:YAG laser.

This laser (Quantronix model #331) operates
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Fig. 3.5. Yield of H‘ as a function of photon energy. An estimate of the absolute
scale is provided.
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at a wavelength of 1064 nm and, in the pulsed mode, delivers
2 mJ during a 1 /isec period at a repetition rate of 100 Hz.
Despite the 2 kW of instantaneous power, and 0.2 W of
average power, no negative ions were observed due to
heating.

One might make the argument that metals strongly

reflect the 1064 nm photons, however some fraction of the
photons in this wavelength region will be absorbed by the
barium.

The incident power from the Nd:YAG upon the surface

is some.six orders of magnitude greater than that of the Hg
lamp used to acquire the data shown in Fig. 3.5.
In the second experiment to investigate the possibility
of thermal desorption, the surface was exposed to a large
dose of carbon tetrachloride vapor (CC14).

It is known that

Cl~ is easily produced by exposing a hot metal surface to
CC14. Using the gas handling system describe in Chapter 2,
the pressure in the vacuum chamber was maintained at 10_*
Torr of CC14 for 10 minutes (6 Langmuir).

After this

. dosing, the barium was then heated to 1000°C.
Fig. 3.6 shows a mass scan of the negative ions
thermally desorbed from the barium sample at 1000°C.
large Cl“ peak is observed.

A

H" is also present in the mass

spectrum but at an intensity nearly three orders of
magnitude less than that of Cl“.
After cooling the Ba sample to 200°C, photodesorption
data was collected in the manner described at the beginning
of this section.

This data is identical to that shown in
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Fig. 3.6. Hass spectrum of
heating Ba sample.
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Fig. 3.5.

In addition, no Cl" peak was observed at any of

the wavelengths of the Hg lamp!

Finally it shtpuld be noted

that H~ yields do not increase during illumination as one
might expect in a thermal desorption experiment.
These two experiments clearly demonstrate that the
mechanism for producing H~ from the Ba sample using UV visible photons is ngt a thermal mechanism.

In addition,

the results of Fig. 3.5 are consistent with this inference
since the data in Fig. 3.5 are normalized to the photon beam
power.
This then leads to the question of just how the H"
production occurs.

As was mentioned in the introduction to

this chapter, photon-stimulated processes leading to direct
desorption of an atom or a molecule are known to occur. In
the case of the Ba-H system, van Os has measured the surface
binding energy of hydrogen to barium and found it to be
1.2 eV ai, implying that an incident photon with energy
greater than 1.2 eV could photo-desorb a hydrogen atom from
the barium surface.

The resulting situation, neutral

hydrogen leaving a low work function barium surface, is
identical to that of the experiments described by Van Os.ai
Resonant electron transfer which would form H“ can then take
place provided the ejected hydrogen atom has a sufficient
component of velocity perpendicular to the barium surface.
Fig. 3.7 shows data for the electron attachment probability
as measured by Los and Geerlings17 for hydrogen leaving a
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barium surface as a function of outgoing velocity normal to
the barium surface and the equivalent kinetic energy58.
Even at relatively low energies (“0.5 eV), there is still a
significant probability of electron attachment.
Now let us turn our attention to the energetics of this
process.

Dissociating a bound surface hydrogen atom from

barium requires
eV.

1 . 2

eV.

The work function of barium is 2.5

The energy released by the formation of H“ from H° is

.75 eV.

This gives an energy threshold for photodesorbing

H~ to be 1.2 eV + 2.5 eV - 0.75 eV =

3 . 0

eV.

This result is

close to the experimental result for the threshold energy
obtained from Pig. 3.5.
It is of interest to estimate the absolute yield for
this photodesorption process.

The yield is defined simply

as the number of H" produced per incident photon.
Yield

=

H ~ desorption rate
photon impingement rate '

^

The flux of incident photons is the measured photon power at
a given Hg line divided by that line's energy.

For the case

of 4.4 eV photons, Fig. 3.4 shows a measured power of 2 jxW,
which is consistent with 3x10“ photons per second striking
the photodiode.

The intensity of the H" beam detected

during illumination with 280 nm (4.4 eV) photons was about
5/sec.

The channeltron is operated in the pulse mode and

the overall transmission efficiency of the mass spectrometer
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has been estimated to be 0.1% and the transmission
efficiency of the 90° electrostatic beam bender is estimated
to be 1%.

This puts the H~ desorption rate from the barium

at:
5 ions tlQ2 ) (103 j _ 5x10s ions
sec
sec

This leads to an absolute yield of approximately 10_7/photon
at a wavelength o f .280 nm.

It should be emphasized that we

know nothing about the concentration of Hydrogen in this
Barium sample.
Using the estimate for the absolute yield and
extrapolating the curve in Fig. 3.5 to energies comparable
to Lyman-a lines in the hydrogen spectrum, it becomes
apparent that the photons produced in hydrogen plasmas could
be another source of H~ previously overlooked.

Fig. 3.8

shows this extrapolation and it is apparent that a
substantial yield of H“ might result from the impact of
photons with energies comparable to Lyman-a on barium
surfaces.

This result could have implications regarding the

production of H“ using proton bombardment generated from
discharges.

Estimated

Absolute

Yield
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Fig. 3.8. Estimated absolute yield of H" as a function of
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D._Summary

Relative yields for photo-desorbed H“ from a barium
substrate have been measured as a function of photon
wavelength for the range of 245 to 585 nm.

It has been

demonstrated that thermal desorption is not the mechanism
responsible for observed H".

A model for the formation of

negative ions due to photons impinging on a low work
function surface has been presented.

Based on a simple

model, the energetics of the suggested ion emission process
predict a threshold energy around 3 eV; the experimental
results are in good agreement with this value.

An estimate

of the absolute yield of photo-desorbed H" per incident
photon has been made.
Obviously, it would be of great interest to measure
absolute H~ yields at higher photon energies, for example in
the range from 5 eV to about 10 eV (Lyman-a).

Future work

should include an investigation into the source of hydrogen
in barium, and improvements in the optical delivery system
must be made.

These improvements could involve a UV laser

or perhaps the experiment could be taken to a synchrotron
light source.

CHAPTER 4
CONCLUSION

The experiments discussed in this thesis were designed
to investigate the secondary negative products emitted from
metal surfaces due to the collision of low energy particles.
In Chapter 2, the experiments dealing with electron and
negative ion emission from gas covered surfaces due to the
impact of low energy positive alkali ions were discussed.
Absolute yield measurements as a function of impact energy
for the electrons and the negative ions were performed.

It

was observed that the threshold energies for the production
of electrons and negative ions were similar.

In addition to

these yield measurements, mass analysis of the secondary
negative ions was performed.

It was demonstrated that near

the energetic threshold, the negative ion signal consisted
primarily of

Oa".

It was then suggested that

collisionally-formed autodetaching 02" was the principal
source of electrons in the near-threshold region.

This

suggestion could explain the origin of electrons due to low
energy ions impacting gas covered surfaces.

The model for

electron emission presented herein is consistent with
previous work which observed that electron yields are
strongly dependent on surface conditions.
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Further testing of the hypothesis that emitted
electrons are due to 0a~ (and thus from the metal's oxide
layer) must include careful manipulation and monitoring of
the metal's oxide layer.

Removal of the oxide layer could

be done in various ways (e.g. 1800 K bakeout of the surface
as described by M.L. Yu, in situ cleaving, Ar* bombardment,
%
or localized He glow discharge). The easiest of these
techniques to implement would be the He glow discharge.
Once a clean (i.e. oxide-free) metal surface was produced,
an oxide layer could be formed in a controlled manner using
careful doses of Oa.
While all of the experiments in Chapter 2 were
performed on a Mo surface, it is of great interest now to
characterize Nb.

The interest in Nb stems from its use in

the superconducting radio frequency accelerator cavities at
the Continuous Electron Beam Accelerator Facility and
elsewhere.

In addition to the measurements of electron and

negative ion yields, the Nb studies should include
investigations of the diffusion of H in Nb.

It is thought

that the hydrogen content in the Nb cavities can affect
their performance.

As was mentioned in the background

section of Chapter 2, SIMS experiments are the most useful
when detection of hydrogen is of interest.
In Chapter 3, experiments dealing with the
photodesorption of negative ions from low work function
surfaces were discussed.

It was shown that non-thermal
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photodesorption of H~ from a barium substrate due to photons
does occur in the photon energy range from 3 eV to 5 eV.
An intuitive model based on a Franck-Condon mechanism
was presented.

The photon threshold energy observed is

consistent with this model.

An estimate of 10"7/photon for

the absolute yield of photo-desorbed H* has been made for
photons with a wavelength of 280 nm (4.4 eV).
Future photodesorption experiments must employ.a
different light source.

The Hg lamp's few UV lines give

rise to only a .qualitative description of the relative yield
of H" as a function of photon energy.

The possibility of

transporting the experiment to the CAMD (Center for Advanced
Microstructure Devices) Synchrotron at Louisiana State
University does exist.

This would be an excellent light

source for conducting these experiments for a number of
reasons.
available.

First, a continuous spectra of UV photons would be
Second, the intensity of the radiation from the

synchrotron is greater than that from the Hg lamp.

Finally,

photons comparable to Lyman-a energies would be available.
It will be interesting to measure the absolute yield of
photodesorbed H" at these energies.
As a final thought, the author would like to make the
following comments concerning surface physics.

Applying

science to solve some of physics' topical questions has led
to the construction of fusion devices, accelerators,
synchrotrons, etc..

These devices are not built out of

well-characterized single crystal materials.

Rather they

are constructed with various stainless steels, aluminum,
niobium, and so forth.

The materials just listed

intrinsically may contain oxides, carbides, interstitial
hydrogen, water, grain boundaries, etc..

The effects of the

properties listed, specifically the physics of these
material's surfaces lead to problems (and opportunities)
which must be understood when considering the construction
and operation of the projects just mentioned.

This is an

exciting time to be involved in the field of surface physics
as work is being done to understand these so-called
"technical" surfaces and their role in various large scale
projects.
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